Fine-and micro-structure observations indicate that turbulent mixing is enhanced within O(1) km above rough topography. Enhanced mixing is associated with internal wave breaking and, in many regions of the ocean, has been linked to the breaking and dissipation of internal tides. The generation and dissipation of internal tides are explored in this study using a high-resolution two-dimensional nonhydrostatic numerical model, which explicitly resolves the instabilities leading to wave breaking, configured in an idealized domain with a realistic multiscale topography and flow characteristics. The control simulation, chosen to represent the Brazil Basin region, produces a vertical profile of energy dissipation and temporal characteristics of finescale motions that are consistent with observations. Results suggest that a significant fraction of mixing in the bottom O(1) km of the ocean is sustained by the transfer of energy from the large-scale internal tides to smaller-scale internal waves by nonlinear wave-wave interactions. The time scale of the energy transfer to the smaller scales is estimated to be on the order of a few days. A suite of sensitivity experiments is carried out to examine the dependence of the energy transfer time scale and energy dissipation on topographic roughness, tidal amplitude, and Coriolis frequency parameters. Implications for tidal mixing parameterizations are discussed.
Introduction
Diapycnal mixing is an important process for the circulation and stratification of the ocean (Munk and Wunsch 1998; Wunsch and Ferrari 2004) . It is one of the main drivers of the meridional overturning circulation, which plays a key role in climate by setting transport and storage of heat, carbon dioxide, and other tracers in the ocean. Observations indicate that turbulent mixing is enhanced in the abyssal ocean above rough topography (e.g., Polzin et al. 1997; Ledwell et al. 2000; Naveira Garabato et al. 2004; Kunze et al. 2006) . However, the dynamics that support enhanced mixing in the abyssal ocean remain unclear.
Observations show that there are large variations in the levels of turbulent mixing throughout the ocean. Diapycnal diffusivities change by several orders of magnitude from low values of 10 25 m 2 s 21 in the ocean thermocline (Ledwell et al. 1998) , taken now as the typical background value, to greatly enhanced values of up to 10 22 m 2 s 21 in the deep ocean above regions of rough topography (e.g., Polzin et al. 1997; Polzin and Firing 1997; Ledwell et al. 2000; Naveira Garabato et al. 2004 ). In the Southern Ocean, where bottom geostrophic flows tend to be more energetic than tidal flows, enhanced mixing has been recently linked to the radiation and dissipation of internal waves generated by geostrophic eddies impinging on rough small-scale topography (Polzin and Firing 1997; Naveira Garabato et al. 2004; Nikurashin and Ferrari 2010a,b) . In the rest of the ocean, abyssal flows are believed to be dominated by tides. Enhanced mixing observed in the Brazil Basin (Polzin et al. 1997; Ledwell et al. 2000; St. Laurent et al. 2001 ) over the Mid-Atlantic Ridge (MAR) has been suggested to be sustained by the radiation and dissipation of internal tides.
Besides tides, there are other motions that can contribute to mixing observed over the rough topography of the MAR. Thurnherr et al. (2005) argue that enhanced abyssal mixing can be driven by the overflows and the sill-related processes within the deep canyons of the MAR. Gille et al. (2000) demonstrate that mesoscale eddy energy tends to be lower in areas where bottom topography is rough, suggesting that, in such regions, eddies can dissipate their energy into radiation of internal waves, which can maintain high levels of turbulent mixing. However, available observations are too sparse to identify uniquely which energy sources and dynamical processes are responsible for enhanced mixing observed within O(1) km above rough topography.
Estimates of enhanced abyssal mixing inferred from observations (e.g., Polzin et al. 1997; Ledwell et al. 2000) along with global estimates of tidal energy dissipation (Egbert and Ray 2000, 2001) have motivated a large number of studies to investigate the generation and dissipation of internal tides. The generation of internal tides has been studied with both analytical and numerical methods (for a review, see Garrett and Kunze 2007) . Analytical solutions, predicting energy conversion from barotropic into internal tides, can be found for an arbitrary topography in the limit of subcritical topography, when the internal wave slope is greater than the topographic slope (e.g., Bell 1975a,b; Llewellyn Smith and Young 2002; Khatiwala 2003) . Analytical solutions have been extended to flows over critical and supercritical topography for idealized and isolated topographic features (Balmforth et al. 2002; Llewellyn Smith and Young 2003) . Analytical theories for subcritical slopes have been applied to real topographies (St. Laurent and Garrett 2002; Nycander 2005) and show that the bulk of the energy flux is radiated in low vertical modes from largescale topographic features, for which the linear theory approximations are valid.
Numerical simulations, used largely to validate analytical solutions and to explore limits when they are formally invalid, have primarily focused on idealized and isolated topographies (e.g., Khatiwala 2003; Legg and Huijts 2006) . Numerical simulations confirm that the energy flux predicted by the linear theory is not greatly changed in the presence of nonlinearity. However, they show that strong hydraulic effects and significant local mixing can occur in the case of narrow and steep topographic features. Generation of internal tides over the MAR was studied with a three-dimensional coarse-resolution numerical model with realistic topography and tidal flows (Zilberman et al. 2009 ). Simulations show that energy conversion from the barotropic M 2 tide into internal tides is highest over critical and supercritical slopes of abyssal hills and it decreases with smoother topography.
In contrast to the generation problem, dissipation of internal tides is much less understood. St. Laurent and Garrett (2002) , applying internal wave theory to the region of the MAR, conclude that direct shear instability is not the dominant energy transfer mechanism to the dissipation scales for both low-and high-mode internal tides: the estimated Richardson number exceeds unity for all vertical wavelengths larger than O(10) m. Nonlinear wave-wave interactions are weak for low-mode internal tides, modes 1-10, but become significant for higher modes. St. Laurent and Garrett (2002) estimate that roughly 30% of the generated energy may dissipate locally at the generation site, whereas the rest of it radiates away in low modes. Based primarily on these estimates for dissipation of internal tides as well as linear theory scalings for their generation, a tidal mixing parameterization has been developed (St. Laurent et al. 2002) and implemented in several climate models (e.g., Simmons et al. 2004; Jayne 2009 ). Although the bottom energy conversion in this parameterization is based on internal tide generation theory, the energy dissipation is ad hoc: the fraction of energy dissipated locally is fixed at 30% and the vertical distribution of energy dissipation is prescribed to be exponential with a fixed 500-m decay scale.
Studies by Polzin ( , 2009 ) and Muller and Bü hler (2009) suggest that mixing observed locally is sustained by the dissipation of internal tides generated from the small-scale abyssal hills, topographic features on scales of O(1) km, rather than from the large-scale O(50) km, topographic features and decays away from topography faster than described by an exponential shape. However, these authors suggest different mechanisms responsible for the locally enhanced mixing. Polzin ( , 2009 argues that enhanced mixing is sustained by strong nonlinear interactions between internal tides, which efficiently transfer most of the tidal energy to the small dissipation scales. Muller and Bü hler (2009) suggest that enhanced mixing can be sustained by turbulence associated with convective and shear instabilities in regions of geometric focusing of internal tide energy.
Despite the fact that the tidal mixing parameterization (St. Laurent et al. 2002) has been widely used in climate models, the characteristics of tidal mixing remain uncertain. In particular, the mechanisms for transferring energy to dissipation scales need to be better understood to develop a physically based prediction of the local fraction and the vertical profile of dissipation. In this paper, we study the generation and dissipation of internal tides using high-resolution numerical simulations, which explicitly resolve breaking of internal waves, with realistic flow and topography characteristics. A distinguishing feature of our simulations is the use of rough, multiscale topography. The main result of this study is that numerical simulations reproduce observations in the Brazil Basin remarkably well, suggesting that the bulk of the observed mixing is sustained by internal tides radiated from abyssal hill topography. Analysis of the results shows that, for a wide range of parameters, a significant amount of energy is transferred from the large-scale internal tides to the small dissipation scales through nonlinear wave-wave interactions. This paper is organized as follows: In section 2, we describe the setup of the numerical experiment. In section 3, we describe the control simulation, designed with parameters of the Brazil Basin region and compare it with observations. The mechanism of energy transfer to smaller dissipation scales is discussed in section 4, and the results of the parameter sensitivity study are presented in section 5. In section 6, we illustrate a link between the energy transfer mechanism and energy dissipation. A summary and conclusions are offered in section 7.
Numerical experiment setup
Radiation and dissipation of internal tides generated by the barotropic M 2 tide over rough topography are explored in this study using high-resolution numerical simulations. The configuration of the numerical experiments is limited to two dimensions (2D) to focus on the essential physics. Three-dimensional (3D) numerical simulations capable of resolving both wave generation and breaking processes are computationally expensive. We plan to carry out 3D simulations in the future. The control simulation is designed to represent the region of the Brazil Basin over the MAR characterized by high mixing rates and covered extensively by observations that are used here both to design and to validate numerical simulations. A wide range of flow and topographic parameters is explored by the parameter sensitivity study.
a. Bottom topography
There are two features in the bathymetry of the MAR in the Brazil Basin region ( Fig. 1 ): offset fractures, or canyons, and abyssal hills. Canyons have scales of 10-100 km and are oriented orthogonal to the ridge crest extending across much of the basin. Abyssal hills are topographic features created by vulcanism and block faulting at the ridge crest. They have smaller scales of 1-10 km and are not generally resolved by satellite bathymetry. Abyssal hills are anisotropic and elongated perpendicular to the direction of spreading. As opposed to being isolated features like the ridges and canyons, abyssal hills are ubiquitous features. In the Brazil Basin, they are characterized by up to 200-m rms height and 6-10-km distance between peaks. Although both canyons and abyssal hills radiate internal tides, it has been suggested that mixing observed locally in the Brazil Basin is sustained primarily by dissipating internal tides radiated from abyssal hills (Polzin , 2009 Muller and Bü hler 2009) .
Topographic variability associated with abyssal hills is described by an anisotropic parametric representation (Goff and Jordan 1988) of the topographic spectrum H(k, l),
where k 0 and l 0 are roll-off wavenumbers, n is the high wavenumber slope, and h is the rms height. Analysis of the multibeam data returns parameter estimates of k 0 5 2.2 3 10 24 m
21
, l 0 5 1.0 3 10 23 m
, h 5 110 m, and n 5 0.90 (Polzin 2009 ). The abyssal hills are anisotropic with a horizontal aspect ratio of l 0 /k 0 ' 5. According to the linear theory of internal tide generation (Bell 1975a,b) , most of the energy flux is associated with the barotropic tide flowing across a major axis of topographic anisotropy oriented along l 0 . Thus, with l 0 ) k 0 , an assumption of one-dimensional topography used in the simulations seems to be reasonable for the Brazil Basin. However, the processes of wave breaking and dissipation might be quantitatively different in fully 3D simulations.
The topography used in the simulations (Fig. 2 ) is synthetically generated with the same spectral characteristics as abyssal hills in the Brazil Basin region. Synthetic topography is computed as a sum of Fourier modes with amplitudes given by the 1D topographic spectrum, estimated from (1) in the direction of l 0 , and random phases. The topography includes horizontal scales in the range from 100 m to 60 km. Topographic scales shorter than 100 m have little impact on wave radiation. Scales longer than 60 km correspond to internal tides with vertical scales larger than the scale of the mode-1 internal tide and therefore are not radiated.
b. Model configuration
A sketch of the experiment setup is shown in Fig. 3 . We employ the nonhydrostatic configuration of the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al. 1997) , which has been used for studies of wave radiation and breaking before (e.g., Khatiwala 2003; Legg and Huijts 2006; Legg and Klymak 2008; Nikurashin and Ferrari 2010a,b) . By running the model in nonhydrostatic form, processes like hydraulic jumps and Kelvin-Helmholtz instabilities can be explicitly resolved without need of parameterizations, provided the resolution is high enough. The domain used in the simulations is 2D, horizontally periodic with a uniform resolution of Dx 5 30 m in the horizontal, and variable resolution in the vertical. The vertical grid spacing is set to Dz 5 10 m in the bottom 4.5 km, and it is gradually stretched to Dz 5 70 m in the region above. The horizontal size of the domain is L 5 60 km. To absorb upward-propagating internal waves, a sponge layer is applied between 4.5 km above the topography and the top boundary at 7.5 km where buoyancy and momentum are damped with a linear drag on a time scale of 1 h. This allows us to focus on the upwardpropagating waves only and prevents energy from building up to unrealistic levels because of the small domain size and periodic horizontal boundary conditions. The stratification used in the simulations has an idealized shape chosen to match the observations (Fig. 4) . The stratification is N 5 10 23 s 21 in the bottommost 2-3 km, increasing by an order of magnitude in the upper kilometer to represent the main thermocline. An idealized profile is used rather than the real profile to allow for systematic variations of stratification in parameter studies and to simplify the analysis. A Coriolis frequency of f 5 0.53 3 10 24 s 21 is used. The horizontal and vertical viscosity and diffusivity are set to n h 5 n y 5 10 23 m 2 s 21 and k h 5 k y 5 10 25 m 2 s
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, respectively; experiments with higher resolution and lower value of viscosity of n h 5 n y 5 5 3 10 24 m 2 s 21 show quantitatively similar results as discussed below. The barotropic M 2 tide with an amplitude U 5 2.5 cm s 21 and frequency v 5 1.4 3 10 24 s 21 is forced by adding a body force to momentum equations. The amplitude of the body force and initial conditions are chosen to eliminate any inertial frequency response in the large-scale barotropic flow. A no-slip bottom boundary condition is used. All experiments are initiated from a state of rest and run for 30 days to a statistically steady state.
c. Sensitivity to resolution and viscosity
In the ocean, large-scale internal tides, which account for the bulk of energy radiation, transfer their energy to smaller-scale internal waves, which undergo shear instability and break, creating turbulence and transferring energy farther down to the O(1) cm dissipation scales. Presently, numerical simulations are not able to resolve simultaneously the generation of internal tides on scales of O(1) km and turbulent dissipation at scales of O(1) cm. In this study, the energy cascade is arrested at the model grid scale of 10 m by using a value of viscosity an order of magnitude higher than the background viscosity in the ocean. The model resolution and viscosity are chosen such that the breaking of internal waves and the onset of energy transfer through the turbulent cascade are well resolved. A snapshot of stratification from the control simulations ( Fig. 5) illustrates an instability of two internal waves on the scale of 10-100 m, which generates Kelvin-Helmholtz billows and transfers energy from the internal wave to the turbulent spectrum band.
The choice of resolution and numerical viscosity is tested with a series of simulations with different resolution and viscosity parameters. Turbulent energy dissipation diagnosed from the simulations in the bottom 2 km is shown in Fig. 6 . These results show that the energy dissipation diagnosed from the simulations is insensitive to variations in resolution and numerical viscosity, as long as the shear instability of internal waves is resolved.
Brazil Basin simulation
In this section, we describe the control experiment, designed to simulate generation and dissipation of internal tides in the Brazil Basin region of the South Atlantic, and compare the results against available observations.
In the control simulation, internal tides radiate away from topography into the interior of the ocean until they either break and dissipate within the water column or are absorbed in a sponge layer above 4.5 km above the bottom. At the beginning of the simulation, there is a transient phase of about 5-10 days long, which corresponds to the time that it takes internal tides to reach the sponge layer and establish a stationary wave field in the region below it. After the initial transient phase, the internal wave field becomes well equilibrated, with the wave energy input from the barotropic tide at the bottom balanced by the energy output partly into wave breaking and dissipation throughout the water column and partly to wave damping in the sponge layer.
A snapshot of the wave zonal velocity, defined as a deviation from the zonally averaged flow, is shown in Fig. 7 . The internal wave field is highly multichromatic: it is a superposition of a number of internal tide modes generated by different topographic features. Although internal tides are radiated from topography with different horizontal and vertical scales, in the bottom 2 km, where stratification is nearly constant, they are characterized by largely the same slope consistent with the linear internal wave dispersion relation,
where k and m are the horizontal and the vertical wavenumbers, respectively. Internal waves with slopes steeper than in (2), barely seen radiating from steep topographic features in nv, where n is an integer. Their amplitudes are much smaller than the amplitude of internal tides radiating at the fundamental frequency. Generation of the higher harmonics is consistent with linear theory of internal wave radiation from topography and becomes significant when tidal excursion is greater than the horizontal scale of a topographic bump (Bell 1975a,b) .
Internal waves with slopes smaller than the slope in (2), seen clearly above topography in Fig. 7 , are not consistent with the theory of topographic wave generation by tidal flows at frequency v: the slope of these waves suggests that their frequency is smaller than v, whereas internal tides are generated at topography with a frequency v and larger (Bell 1975a,b) . These waves can be forced in the ocean interior by nonlinear wavewave interactions, which are discussed in detail below.
a. Turbulent energy dissipation
The turbulent energy dissipation rate « diagnosed from the control simulation is shown in Fig. 8 and compared to the dissipation rate inferred from observations. In the simulation, the turbulent energy dissipation rate is computed as
where n is viscosity, u is velocity, and hÁi denotes the zonal and temporal mean. The estimate of the energy dissipation rate inferred from observations, is based on the High-Resolution Profiler (HRP) data from the Brazil Basin region (Polzin et al. 1997 ) and represents an average over 30 stations that are characteristic of the abyssal hill topography (Polzin 2009 ). The comparison shows that there is a remarkable match between the simulation and the observations throughout the water column. The energy dissipation rate in the bottom kilometer in the simulation is biased low, by less than a factor of 2. This bias is likely due to the absence of scattering of the low-mode internal tides, which bounce off the surface back toward the bottom in the ocean but are completely absorbed in the sponge layer in the simulation. Figure 8 shows that dissipation of internal waves is significantly enhanced both in the bottom and the top O(1) km regions. In the bottom kilometer, there are two distinct regions associated with enhanced mixing. The first region is the boundary layer of O(10) m thick in which nonlinear effects, like flow separation from topography, hydraulic jumps, and breaking of the shortscale, O(10) m, internal tides occur. The second region is the region above the bottom boundary layer where enhanced turbulence is sustained by the dissipation of internal tides radiated from topography. A snapshot of One can see highly turbulent, weakly stratified regions within few tens of meters above topography, associated with the nonlinear processes in the bottom boundary layer, as well as the breaking of radiating internal waves characterized by the formation of the Kelvin-Helmholtz billows a few hundred meters above topography.
Internal tides that are not dissipated in the bottom kilometer radiate away into the ocean interior until they reach the main thermocline, where the stratification increases by an order of magnitude compared to the bottom value. Consistent with the internal wave dispersion relation, an increase in stratification results in an increase in the vertical wavenumber of internal waves. Hence, in the top O(1) km, an increase in the stratification effectively transfers energy from large-scale internal tides to smaller scales where it can transfer farther down to the dissipation scales by wave-wave interaction and shear instability. A remarkable match between the energy dissipation rate from the simulation and the observations in the thermocline suggests that, in the ocean, enhanced energy dissipation in the thermocline can be sustained by dissipation of internal tides radiated from the bottom rather than by internal waves generated at the surface of the ocean.
b. Temporal characteristics
In addition to the HRP data discussed above, 2-yrlong current meter data were collected within a fracture zone on the western flank of the MAR in the South Atlantic, in the area where enhanced diapycnal mixing has been previously observed. A description and analysis of the data are presented in Toole (2007) . Toole (2007) finds that there are energetic motions at a variety of frequencies. In addition to semidiurnal motions, there is a significant amount of energy at subinertial and nearinertial frequencies. Although the near-inertial response dominates above the canyon topography, the subinertial flows are the strongest within the valley. Wave ray tracing suggests that the deeper current meters, placed within the valley, may be in a shadow zone for locally generated internal tides (Toole 2007) . Hence, to validate our control simulation, we compare it against current meter data placed above the local bathymetric peaks.
In Fig. 9 , we compare the kinetic energy spectrum computed from the simulation with the one computed from the current meter data. The spectra agree well both qualitatively and quantitatively. Note that the simulation is initialized from a state of rest and forced only at the frequency of the semidiurnal tide: that is, variability of the system at other frequencies is a result of intrinsic dynamics. There is a strong peak at the semidiurnal frequency that dominates both spectra. Between inertial and buoyancy frequencies, there is the typical background energy distribution, varying with frequency v as v 22 , in both the simulation and observations. In the simulation, energy in the subinertial frequency range is low because the subinertial flow is neither imposed in the initial conditions nor forced externally. Any weak subinertial flow present in the simulations is a result of the intrinsic dynamics of the system: it is a response to the breaking and dissipation of internal tides. There is a rather broad peak at near-inertial frequency in both spectra. The amplitude and the width of the near-inertial peak are well captured by the simulation.
Higher harmonics are much more evident in the kinetic energy spectrum than in the velocity wave field shown in Fig. 7 . In the simulations, harmonics up to frequency 5v can be clearly distinguished above the background internal wave continuum. In the observed kinetic energy spectrum, higher harmonics are less distinguishable above the background and are noticeable only up to frequency 3v. A possible reason for this difference is that the upper two current meters were placed in the valley at 1000 m above the local bathymetric peaks, which is likely not high enough to sample higher harmonics radiated from ridge crests at steep angles.
To summarize, there is a remarkable match between the simulation and observations that suggests that the observed enhanced energy dissipation rates in the Brazil Basin over the MAR are primarily sustained by the generation and dissipation of internal tides. Other processes, like generation of internal waves by geostrophic eddies or by canyon overflows, do not need to be invoked to reproduce the diapycnal mixing observed above topography. A good match between the simulation and the observations in the thermocline suggests that enhanced energy dissipation in the thermocline can be sustained by internal waves radiated from the bottom rather than from the surface of the ocean.
Energy transfer mechanism
Enhanced diapycnal mixing, observed above rough topography in the Brazil Basin and represented by the control simulation here, is primarily sustained by radiation and dissipation of internal tides. In general, there are three different mechanisms that can lead the upward radiating internal tides to dissipate: direct shear instability, variations of mean stratification, and nonlinear wave-wave interactions. Although each of these mechanisms can contribute to mixing at different locations, our results suggest that mixing enhanced in O(1) km above rough topography in the Brazil Basin is sustained by the mechanism of nonlinear wave-wave interactions.
Direct shear instability of internal tides does not seem to play a major role for mixing observed in the Brazil Basin. St. Laurent and Garrett (2002) estimated that the Richardson number exceeds unity for all vertical wavelength larger than O(10) m. Internal tides with vertical wavelengths of O(10) m can become unstable to shear instability and break. However, their vertical group velocities and thus energy radiation are too small to propagate far away from topography and sustain mixing observed in O(1) km above the bottom. We applied linear theory (Bell 1975a,b) to bottom topography and parameters used in the simulation. The linear solution for wave zonal velocity is shown in the top panel in Fig. 10 , and its corresponding wavenumber spectrum is shown in the left panel in Fig. 11 . The linear solution is a superposition of a number of waves with different horizontal and
FIG. 10. Snapshots of wave zonal velocity (m s
21 ) (top) computed using linear wave generation theory (Bell 1975a,b) and taken from the control simulation after (middle) 5 and (bottom) 19 days of simulation. The dashed black lines are the phase lines of internal tides computed using the linear internal wave dispersion relation. Although energy input into the internal wave field through the generation of internal tides is at O(1) km vertical scales, energy output through wave breaking takes place at much smaller vertical scales of O(10-100) m. To maintain mixing in the absence of direct shear instability of internal tides, the energy of large-scale, O(1) km, internal tides has to transfer to small-scale, O(10-100) m, internal waves which could become unstable to shear instability and break. Variation in the mean stratification dominates energy transfer to the small-scale internal waves in the thermocline (Fig. 7) . Consistent with linear theory, increasing stratification decreases the vertical scale of internal waves and therefore increases the rate of wave-wave interactions that can efficiently transfer energy farther down to the dissipation scales. However, large stratification in the thermocline reduces the efficiency of breaking waves to mix across density surfaces and results in low diapycnal diffusivity estimates.
Although direct shear instability and variation in mean stratification contribute to mixing in the bottom O(10) m and in the thermocline respectively, mixing in O(1) km above topography appears to be sustained by energy transfer from the large-scale internal tides to the smallscale internal waves through nonlinear wave-wave interactions. The middle and bottom panels in Fig. 10 show snapshots of the wave zonal velocity in the bottom 2 km from the control experiment for the beginning and the end of simulation, respectively. Their corresponding wavenumber spectra are shown in the middle and the right panels in Fig. 11 .
At the beginning of the simulation, the internal wave field is in good agreement with the linear solution: slopes of the wave phase lines and hence the wave frequencies match. We do not expect the control simulation and the linear solution to be identical; the control simulation is characterized by a steepness parameter of about 2 (i.e., it corresponds to the critical topography regime). In this limit, nonlinear effects such as flow separation from topography and hydraulic jumps become important. As a result, internal waves in the simulation have somewhat smaller amplitude than in the linear solution. Nevertheless, it is remarkable how linear the internal wave field looks after a few days of simulation: both the FIG. 11. Horizontal and vertical wavenumber spectra computed (left) from the linear theory solution (Bell 1975a,b) and from the control simulation after (middle) 5 and (right) 19 days of simulation. The black lines correspond to the fundamental frequency v, its higher harmonics 2v and 3v, and the subharmonic frequency v 2 f. The inertial frequency corresponds to the 0 horizontal wavenumber waves and coincides with the y axis of the plot. The frequency isolines are computed using the linear internal wave dispersion relation.
wavenumber and the frequency content of the wave field are well described by the linear theory.
The wave field changes dramatically toward the end of the simulation. It is not dominated by waves at the fundamental frequency but rather it is a superposition of waves at the fundamental frequency with waves at smaller frequencies having flatter slopes (Fig. 10) . The horizontal and vertical wavenumber spectrum in Fig. 11 shows that, at the end of the simulation, the internal wave field consists primarily of three types of waves: internal tides at frequency v, near-inertial waves at frequency f, and subharmonics at frequency v 2 f. Interharmonics at frequency v 1 f are also produced and visible in the spectrum in Fig. 11 but have much smaller amplitude. The energy distribution over different frequencies shown in the wavenumber spectrum in Fig. 11 is consistent with the frequency spectrum in Fig. 9 . Note that, although both horizontal and vertical wavenumbers of these waves span a certain range, their frequencies are well defined and satisfy the linear internal wave dispersion relation (2). The near-inertial and the subharmonic waves are neither forced externally in the simulation, nor are they consistent with the linear response of the system to tidal flow over topography.
Near-inertial waves, internal tides, and subharmonic waves can form a resonant triad (Fig. 11 ) in both frequency and wavenumber. In the equilibrated wave field, internal tides are forced by the barotropic tide over rough topography and radiate primarily at frequency v with horizontal and vertical scales of roughly 2-10 km and 0.3-3 km, respectively. Near-inertial waves, characterized by 10 km and larger horizontal and roughly 0.3-1 km vertical scales, can develop initially as a response of the large-scale flow to breaking of high-mode internal tides (Vadas and Fritts 2001; Nikurashin and Ferrari 2010b) . Near-inertial waves form a resonant triad with the forced internal tides, which is completed by subharmonics at frequency v 2 f. To satisfy the resonance condition, the horizontal and vertical scales of the subharmonics have to be in the range of 2-5 km and 100-500 m (Fig. 11) . To form a triad, the subharmonic wave may have a vertical wavenumber equal in magnitude to either the sum or the difference of the magnitudes of the near-inertial and internal tide vertical wavenumbers. Our results indicate the presence of only the sum triad, where the subharmonic wave has higher vertical wavenumber than either the inertial wave or internal tide. Perhaps this triad dominates because of a faster growth rate. Thus, tidal energy is transferred from large-scale, 0.3-3 km, internal tides to small-scale, 100-500 m, subharmonic waves.
In statistical equilibrium, tidal energy is converted from the barotropic tide into internal tides through topographic wave generation at the bottom. As internal tides radiate away from topography, energy is transferred to smallervertical-scale internal waves at the subharmonic frequency v 2 f and the near-inertial frequency, which can become unstable to shear instability, break, and dissipate tidal energy. Breaking waves shown in Fig. 5 have slopes corresponding to frequency v 2 f rather than the frequency of internal tides v. Similar resonant triads also form with higher harmonics of the fundamental frequency and produce interharmonics with frequencies nv 6 f, where n is the nth harmonic of the fundamental frequency, clearly seen in the frequency spectrum (Fig. 9) . However, these triad interactions are less effective because higher harmonics have much smaller amplitude than internal tides at the fundamental frequency.
The time scale of the energy transfer within the resonant triad can be estimated from the time evolution of the kinetic energy of subharmonic waves. The thick black line in Fig. 12 shows the time evolution of the kinetic energy of subharmonic waves estimated as an integral of the wavenumber spectrum over all horizontal and vertical wavenumbers in the frequency range 610% of v 2 f. The energy of the subharmonic waves grows exponentially in time during the first 10 days, with an e-folding time scale of about 2-3 days. The time scale of 2-3 days is much faster than the time scale of PSI estimated analytically based on an assumption of a statistical steady state with randomly distributed phase and direction of waves (Olbers and Pomphrey 1981) , but it is on the same order as estimates from numerical simulations of PSI (Hibiya et al. 2002; Gerkema et al. 2006; MacKinnon and Winters 2005) . After 10-20 days, the wave energy reaches an equilibrium as the transfer of energy into these frequencies is balanced by energy loss to turbulence.
Parameter sensitivity
In this section, we examine the sensitivity of resonant triad interactions, the mechanism that appears to be responsible for the bulk of energy dissipation away from the O(10) m bottom boundary layer in the Brazil Basin, to external parameters such as the amplitude of the barotropic tide U, topographic roughness h, and the Coriolis frequency f. The transfer of energy from internal tides to the subharmonic waves within the resonant triad, discussed in the previous section, happens as internal tides radiate away from topography. Energy transferred to the subharmonic waves is dissipated as those waves become unstable to shear instability and break, resulting in decay of the amplitude of internal tides and energy dissipation profile away from topography. Both the vertical decay scale of the energy dissipation and the fraction of local dissipation are likely controlled by the time scale of energy transfer to small-scale waves within the resonant triad as well as the vertical speed of internal tide energy propagation: that is, the vertical group velocity.
a. Tidal amplitude and topographic roughness
Variations in tidal amplitude and topographic roughness affect the amplitude of generated internal tides but not their wavenumbers and frequencies: that is, properties of the resonant triads remain the same but the rate of energy transfer within a triad changes. The temporal evolution of kinetic energy of subharmonic waves from a set of simulations with different values of the barotropic tide amplitude is shown in Fig. 12 . The tidal amplitude is varied in a range from 0.5 to 2.5 cm s
21
, which spans roughly the range typical for abyssal ocean. These results show that, in simulations with U . 0.5 cm s 21 , the kinetic energy of the subharmonic waves grows exponentially in time before equilibrating after the first 10-20 days. There is no energy transfer to the subharmonic waves in the U 5 0.5 cm s 21 simulation, probably because the resonant instability is suppressed by friction: the growth rate of instability is smaller than the damping rate because of viscous friction. The instability at lower values of tidal amplitude can still take place in the ocean where background viscosity is one to two orders of magnitude smaller. Figure 12 also shows the time scale of energy transfer within the resonant triad estimated as the e-folding time scale from the kinetic energy evolution as a function of the barotropic tide amplitude. In simulations with U . 0.5 cm s 21 , the time scale of the instability decreases with the amplitude of the barotropic tide U roughly as U 21 ; that is, the energy transfer within a triad is faster for larger barotropic tide amplitudes.
The sensitivity to the topographic roughness shown in Fig. 13 is very similar to the sensitivity to the tidal amplitude. In this set of experiments, topographic roughness is varied by changing the amplitude of topography without changing its shape. As a result, the wavenumber content of the bottom topography and radiated waves remains the same; only topographic roughness and therefore internal wave amplitudes changes. Similarly to the experiments with different barotropic tide amplitudes, the kinetic energy of subharmonic waves grows FIG. 12 . Evolution of kinetic energy of internal waves at subharmonic frequency v 2 f computed as an integral of the wavenumber spectrum in the frequency range 610% of v 2 f from simulations with different amplitudes of the barotropic tide. The thick black curve corresponds to the control simulation representing the Brazil Basin. The embedded panel shows time scale of the energy transfer within the resonant triad as a function of the amplitude of the barotropic tide plotted using a logarithmic scale. The dashed line corresponds to a U 21 dependence.
exponentially at the beginning of the simulations until it equilibrates toward the end. When the topographic roughness is small, h 5 16 m, the radiated waves have small amplitudes, the energy transfer to subharmonic waves is slow, and instability gets suppressed by friction. For h . 16 m, the energy is transferred to the subharmonic waves on a time scale that decreases with the topographic roughness: rougher topography generates more nonlinear and larger amplitude waves that interact and transfer energy to subharmonic frequency and higher wavenumber waves on faster time scales. The time scale of instability scales with h roughly as h
. An inverse scaling of the energy transfer time scale with U and h is consistent with results of previous theoretical and idealized studies of PSI (Koudella and Staquet 2006; Young et al. 2008 ).
b. Coriolis frequency
The mechanism of transfer of energy from internal tides to subharmonic waves through the resonant triad involving near-inertial waves should depend strongly on the value of the Coriolis frequency or latitude. Variations in the Coriolis frequency affect not only the rate of energy transfer within the resonant triad but also the properties of the triad; the wavenumbers and frequencies of the waves forming the triad change with the Coriolis frequency. For instance, the dominant triad involving internal tides, near-inertial waves, and subharmonic waves at frequency v 2 f should become inactive close to equator, where f 5 0 and near-inertial waves do not exist, as well as at latitudes poleward of the critical latitude of f 5 v/2, where the subharmonic waves v 2 f fall outside of the internal wave frequency range.
We carried out a set of experiments with values of the Coriolis frequency in the range from 0 to 10 24 s 21 , which spans latitudes from the equator to regions poleward of the critical latitude. Figure 14 shows horizontal and vertical wavenumber spectra from simulations with different values of the Coriolis frequency. In the simulation with f 5 0 s 21 , corresponding to wave radiation at the equator, most of the energy stays at the fundamental frequency of the barotropic tide v and its second harmonic 2v during the whole period of simulations. The internal wave field remains a superposition of topographically generated internal tides with a wavenumber spectrum similar to the one estimated from the linear solution shown in Fig. 11 . As the Coriolis frequency increases, the resonant triad can form and energy is transferred rapidly from internal tides to both nearinertial and subharmonic v 2 f frequencies. Going poleward, the frequency of the subharmonic waves moves away from the tidal frequency v closer to the inertial frequency f until it finally merges with it at the critical latitude of 28.88, where f 5 0.7 3 10 24 s
21
. At the critical latitude both free waves of the resonant triad have a nearinertial frequency, and energy is transferred directly from FIG. 14. Horizontal and vertical wavenumber spectra computed from the simulations with different values of Coriolis frequency. The black lines correspond to the fundamental frequency v, its higher harmonic 2v, and the subharmonic frequency v 2 f. The inertial frequency corresponds to the 0 horizontal wavenumber waves and coincides with the y axis of the plot. The frequency isolines are computed using the linear internal wave dispersion relation. 390 internal tides to the near-inertial frequency. Finally, at latitudes poleward of the critical latitude, subharmonic waves v 2 f fall outside the range of internal waves and the resonant energy transfer cannot be maintained. Although nonlinear interactions between near-inertial waves and higher harmonics of the fundamental frequency are still possible, they are characterized by more than an order of magnitude smaller amplitudes and such interactions are ineffective. The bulk of the energy in the internal wave field stays at the fundamental frequency of internal tides v.
Energy dissipation
In this section we discuss the link between energy transfer from large-scale internal tides to small-scale internal waves through resonant triad interactions and the spatial distribution of turbulent energy dissipation. Figure 15 shows the energy dissipation estimated from the simulations using (3) and averaged in time over the last 10 days of the simulations for four different values of the Coriolis frequency corresponding to the equator, the Brazil Basin latitude of 218S, the critical latitude of 28.88, where f 5 v/2, and the latitude of 438 which is poleward of the critical latitude. The corresponding zonally averaged vertical profiles of energy dissipation rate are shown in Fig. 16 .
At all latitudes, energy dissipation is significantly enhanced, up to O(10 28 ) W kg
21
, in the bottom boundary layer of O(10) m above topography. The enhanced dissipation in this layer is maintained by the breaking of short-scale, O(10) m, internal tides as well as by other low-level highly nonlinear processes such as flow separation effects and hydraulic jumps. In the control simulation corresponding to the Brazil Basin, energy dissipation integrated over the bottom 50 m accounts for about 30% of the total energy dissipation integrated in the bottom 2 km. The remaining 70% of the energy dissipation takes place in the region above the bottom boundary layer and is maintained by waves radiating away from topography.
Energy dissipation is low away from the bottom boundary layer, close to the background value of O(10 210 ) W kg
, at the equator and at the latitude of 438. It is slightly enhanced following the phase lines of internal tides generated from the steep topographic features. In these simulations, large-scale internal tides generated at topography radiate freely away through the ocean interior into the sponge layer without any significant energy loss within the water column. At the Brazil Basin latitude of 218S, energy dissipation is enhanced above the bottom boundary layer, with values up to O(10 29 ) W kg 21 at a height of 500 m above the topography. Enhancement of the energy dissipation is not directly focused along tidal beams. It is correlated with the steep topographic features, which radiate large amplitude internal tides and therefore result in a faster energy transfer to the small-scale internal waves and eventually to the dissipation scales. At the critical latitude of 28.88, where tidal energy is transferred directly to the near-inertial frequency, the energy dissipation rate above the bottom boundary layer is higher than at the Brazil Basin latitude and extends farther away into the ocean interior.
The same dependence of energy dissipation on latitude is illustrated quantitatively in Fig. 17 . The energy dissipation in the bottom 50 m is nearly independent of the Coriolis frequency, but energy dissipation above the bottom boundary layer varies strongly with latitude. It increases away from the equator to a maximum value at the critical latitude and then decreases rapidly poleward of the critical latitude. The local dissipation fraction, shown in the bottom panel in Fig. 17 and defined as the vertically integrated energy dissipation normalized by the energy flux at the bottom, increases from 10% at the equator to 40% at the critical latitude. About 25% of the energy converted into internal tide dissipates locally at the Brazil Basin latitude.
In summary, these simulations suggest that there is a direct link between the energy transfer through the resonant triad and the energy dissipation above the O(10) m turbulent bottom boundary layer. Although energy dissipation is low and internal tides radiate freely away at latitudes where the dominant resonant triad is absent, it is significantly enhanced in O(1) km above the bottom at latitudes where energy transfer through the resonant triad takes place. The variations of energy dissipation with latitude, described in this section, are due to variations in the dissipation mechanism and are not represented in the present tidal mixing parameterizations (e.g., Simmons et al. 2004; Jayne 2009 ), which use a fixed representation of energy dissipation.
Conclusions
In many regions of the ocean, observed enhanced abyssal mixing has been linked to breaking and dissipation of internal tides. However, observations are too sparse to uniquely identify energy sources and dissipation mechanisms responsible for the enhanced mixing. This study uses high-resolution two-dimensional numerical simulations, explicitly resolving breaking of internal waves and configured with a realistic abyssal hill topography and flow characteristics, to examine generation and dissipation of internal tides.
The control simulation with parameters appropriate to the Brazil Basin reproduces the observed energy dissipation and frequency spectrum of the internal wave field remarkably well. This result suggests that the enhanced mixing observed O(1) km above topography can be explained by the dissipation of internal tides generated from abyssal hill topography and other energy sources such as deep canyon overflows or mesoscale eddies do not need to be invoked. A good match between these simulations and observations in the thermocline suggests that enhanced mixing in the thermocline can be sustained by internal waves radiated from the bottom, rather than from the surface of the ocean.
Consistent with a linear theory, these simulations show that internal tides radiate mostly at the fundamental frequency with horizontal and vertical scales covering a wide range of scales. Internal tides with vertical scales of O(10) m become unstable to shear instability and break at the generation site. Combined with other low-level nonlinear processes like flow separation and hydraulic jumps, these short-scale internal tides drive high energy dissipation rates of O(10 in a region with a thickness of O(1) km above the turbulent bottom boundary layer. In this region, internal tides are stable to direct shear instability and cannot transfer their energy directly to turbulence and dissipation scales. Instead, they undergo nonlinear wave-wave interactions and transfer their energy to smaller-scale internal waves that can become unstable to shear instability and break. Internal tides form a resonant triad with near-inertial waves, which is completed by waves at subharmonic frequency v 2 f. In the equilibrated state, energy converted from the barotropic tide into internal tides at topography is transferred to near-inertial and subharmonic waves with smaller vertical scales and then gets lost to turbulence as small-scale internal waves break. The time scale of energy transfer to subharmonic waves in the Brazil Basin is estimated from the simulations presented here to be on the order of a few days. The parameter sensitivity study shows that the energy transfer time scale varies with tidal amplitude and topographic roughness consistent with results of theoretical and idealized studies of PSI.
The transfer of energy to small-scale internal waves through the resonant triad that consists of internal tides, near-inertial waves, and subharmonics at frequency v 2 f is consistent with the energy peak at frequency v 2 f in the kinetic energy spectrum estimated from observations in the Brazil Basin (Toole 2007) . The response at the subharmonic, v 2 f, and interharmonic, nv 1 f, frequencies, seen in observations, has been previously explained as an artifact of Eulerian instrumentation (i.e., Doppler shifting). However, our results suggest that the response at subharmonic and interharmonic frequencies is internal waves generated by the resonant wave-wave interactions. These results are also consistent with a previous study of the generation of subharmonic and interharmonics by tide-topography interaction with idealized numerical simulations (Korobov and Lamb 2008) .
Sensitivity to the Coriolis frequency shows that the energy dissipation away from the bottom boundary layer varies with latitude consistent with the properties of the dominant resonant triad. Energy dissipation is low, close to the background value of O(10 210 ) W kg
21
, at the equator, where near-inertial waves do not exist, and at latitudes poleward of the critical latitude, where subharmonic waves fall out of the frequency range of internal waves. The amount of energy dissipated locally increases poleward of the equator with the highest rates of dissipation at the critical latitude of 28.88, where f 5 v/2 and energy is transferred from internal tides directly to the near-inertial frequency.
Previous idealized numerical studies (Hibiya et al. 2002; MacKinnon and Winters 2005; Gerkema et al. 2006) have identified PSI as the mechanism of energy transfer from low-mode internal tides, radiating horizontally away from the generation site, to subharmonic waves at half the frequency. Numerical simulations (MacKinnon and Winters 2005) suggested that a significant energy loss from low-mode internal tides occurs at a latitude of 28.98, where v/2 5 f and energy is transferred directly to the inertial frequency. Although the catastrophe predicted by numerical simulations was not observed in the ocean, observational studies have registered an elevated near-inertial energy and internal waves at half the tidal frequency which are consistent with PSI (Carter and Gregg 2006; Alford et al. 2007) . Although the present study focuses on a transfer of energy from internal tides to dissipation scales locally at the generation site, the latitudinal dependence of the vertical integrated energy dissipation rate and, in particular, its enhancement at the critical latitude is consistent with observations (Alford et al. 2007 ).
The tidal mixing parameterizations (e.g., Simmons et al. 2004; Jayne 2009 ) presently used in climate models use a fixed distribution of energy dissipation, which is not based on any dissipation mechanism. Tuned to represent enhanced abyssal mixing observed in the Brazil Basin region, Simmons et al. (2004) likely fails to reproduce enhanced abyssal mixing in other regions of the ocean. This study suggests that the local energy dissipation of internal tides is driven by resonant triad interactions, which transfers energy from internal tides to small-scale internal waves as internal tides radiate away from topography. Hence, a physically based parameterization of tidal energy dissipation should describe variations in energy dissipation based on the properties of the dominant resonant triad, as described in this study.
There are a few caveats in this study that require future work. First, this study uses a 2D periodic domain. Although abyssal hills in the Brazil Basin are anisotropic and the generation of internal tides should be well described in a 2D domain with 1D topography as used here, abyssal hills in other regions of the ocean can be more isotropic (Goff and Jordan 1988) and 3D effects like flow around topographic bumps are likely to play a significant role. Second, wave breaking and dissipation processes could be quantitatively different in a 3D internal wave field, even with 1D topography. Although the qualitative aspects of the results presented in this study are expected to hold in the 3D domain, we plan to carry out 3D numerical simulations in the future. Finally, absorption of internal tides in the sponge layer at the upper boundary could be removed to allow for reflection of low-mode internal tides, which might then scatter at topography and further enhance abyssal mixing.
